Fast magnetic flux control is a crucial ingredient for circuit quantum electrodynamics (cQED) systems. So far it has been a challenge to implement this technology with the high coherence 3D cQED architecture. In this paper we control the magnetic field inside a superconducting waveguide cavity using a magnetic hose, which allows fast flux control of 3D transmon qubits on time scales <100 ns. The hose is designed as an effective microwave filter to not compromise the energy relaxation time of the qubit. The magnetic hose is a promising tool for fast magnetic flux control in various platforms intended for quantum information processing and quantum optics.
In many quantum systems used for quantum information processing, quantum optics and quantum enhanced measurements, magnetic fields are essential to mediate interactions or tune parameters.
1-3 For individual quantum systems like qubits the typical wishlist is a combination of large field strength, the ability to change the field rapidly and apply it only locally while at the same time not introduce additional decoherence channels. Very often it is hard for experiments to simultaneously meet these criteria as e.g. fast switching times are limited by eddy or super-currents introduced by the metallic boundaries protecting the quantum system from decoherence.
One of the most promising platforms for realising a quantum computer are superconducting qubits. Magnetic fields play an important role in this architecture to tune the frequency of individual qubits, change the coupling between pairs of qubits 4 as well as apply parametric drives for quantum limited amplifiers 5, 6 and novel coupling schemes 4, 7 . So called flux bias lines 8 are widely used in planar superconducting qubit architectures but so far it has proven to be difficult to implement a similar technology in a 3D architecture 9, 10 . The problems in this architecture arise on one hand due to the difficulty of applying magnetic fields through a superconducting wall and on the other hand achieving fast tunability without compromising the qubit lifetime.
In this paper we demonstrate magnetic field control inside a superconducting waveguide cavity using a magnetic hose 11 . The hose is designed as an effective microwave filter to not compromise the energy relaxation time of the qubit and allow for fast flux control of 3D transmon qubits on time scales < 100 ns. This technology can be broadly used to guide magnetic fields from an external coil to a quantum system sensitive to magnetic flux placed inside a metal or superconducting structure or even to mediate magnetic interaction between two quantum systems.
Our system, illustrated in Fig. 1 , is constituted by two transmon qubits separated by a distance of about 3 mm, fabricated on two different sapphire pieces. Both sapphire pieces are placed in a rectangular aluminium Figure 1 . (a) Photograph of one half of a rectangular waveguide cavity with two transmon qubits fabricated on sapphire pieces separated by a distance of about 3 mm. The cavity has a hole in the middle of the back wall to attach a magnetic hose. On the back side of the cavity, not visible in the picture, a copper clamp is used to fix and thermalize the hose. (b) Schematic of the setup highlighting the hose, with a coil (yellow) on the external side and a qubit (black structures on the two pieces of sapphire (green)) on the other. Inset: Cross section of the hose, showing the shell structure (grey = ferromagnetic layers, light blue = superconducting layers) with a vertical cut.
cavity, which is adapted to the hose by drilling a hole in the middle of one of the faces.
The magnetic hose consists of a set of concentric cylindrical layers.
Half of the layers are made of ferromagnetic material (with large magnetic permeability) and the other half of superconducting material (with a permeability effectively µ r → 0). These two types of layers are alternated forming a arXiv:1811.10875v1 [quant-ph] 27 Nov 2018 Figure 2 . Top (a) and side (b) view of the setup, showing the magnetic field's x-component on a logarithmic scale. The grey part below (x < 0) depicts the cavity wall, the thin light blue surfaces indicate the superconducting shells of the magnetic hose, where the magnetic field is zero. The qubits' positions are represented by black lines on green squares, which indicate the sapphire chips. The magnetic field distribution is calculated by a finite element simulation in the case of static magnetic fields. In this case the setup simplifies to its magnetic properties only and the superconductor and ferromagnet are well approximated by materials with µr = 10 −4 and µr = 10 4 , respectively 12 . The source of magnetic field is a solenoid placed at the entrance of the hose (not visible). Its dimensions and magnetisation correspond to the coil used in the experiment when a current of 10 mA is fed. The magnetic field is 3.55 nT at the central and 0.75 nT at the side qubit. magnetic metamaterial structure.
Such structure exhibits an extremely anisotropic effective magnetic permeability, with very large permeability along the axial direction of the hose, µ || r → ∞, and a very small permeability in the (radial) perpendicular direction, µ ⊥ r → 0. Intuitively, the ferromagnetic layers provide large permeability components in all directions, but the interlayered superconducting layers shield any radial magnetic field component. The design of this metamaterial structure 11 , which results from concepts in transformation optics 13, 14 , allows to transfer static magnetic fields over long distances. To that effect, a dense structure of alternating layers is essential for preventing losses and enhancing the transport.
Following this idea, we built a hose consisting of four ferromagnetic layers made of mu-metal and four superconducting layers made of aluminum. The seven innermost layers are 10 mm long and the outermost aluminium shell is 20 mm long.
This external superconducting shell pushes the magnetic field further into the cavity. Additionally, we introduce a cut through all layers along the magnetic hose (see Fig 1b) . All aluminium shells have a thickness of 200 µm, the two innermost mu-metal shells are 100 µm thick and the outermost mu-metal shell is 200 µm thick. All shells are wrapped around a 1 mm thick central mu-metal wire. The coil at one end of the hose has 10 turns, a diameter of 3 mm, and a length of 4 mm, resulting in a self inductance of 126 nH in free space. When the coil is attached to the hose, the self inductance is reduced to 81 nH due to the outermost superconducting shell surrounding it.
The question arises if one can use such a magnetic hose for transporting a magnetic flux pulse generated outside to the inside of a superconducting cavity and locally act on a flux sensitive qubit. A magneto-static simulation shows that the magnetic hose is able to route magnetic field through a hole into a superconducting box as depicted in Fig. 2 . At first glance this seems to contradict the concept of flux quantization, which prevents any net magnetic flux from passing through the area of a closed superconducting ring that has been cooled in absence of magnetic field. However, the magnetic field is not only guided into the cavity, it is also routed back to the outside through the same hole. As a result, the total magnetic flux through the hole is always zero and flux quantization is fulfilled. Implications of flux quantization also extend to the superconducting layers forming the hose itself. For this reason, a magnetic hose can transport magnetic field only if all superconducting layers are cut along their length, preventing super-currents to flow in closed circles. Since ferromagnetic layers also have some electrical conductivity, the cut is also extended to them in order to minimize circular eddy currents (see the inset of Fig. 1b) . As a result, not only static but even fast alternating magnetic fields can be transported.
Despite the magnetic hose opening a link for magnetic fields through the cavity wall, it is designed to prevent electromagnetic waves inside the cavity from leaking out to the environment. The elongated part of the outermost shell acts as a λ/4 resonator with a resonance frequency around 10 GHz. Any electro-magnetic wave below this resonance is reflected and does not reach the ferromagnetic core of the hose. The cut introduced in the hose layers acts as a rectangular waveguide with a cutoff frequency of more than 100 Ghz. Thus, the magnetic hose does not provide any additional loss channel for microwaves at the qubit and cavity frequencies, which was verified by finite element simulations. In summary, a magnetic hose acts as a filter between the coil and the qubit and, due to its shape, the transported magnetic field is applied very locally.
After assessing the functionality of the hose through numerical simulations, we prepared the experiment 16 with the aim of verifying the qubit resonance frequency tunability by applying a DC voltage to the coil. In this experiment we use an Arbitrary Waveform Generator (AWG) channel to provide the above mentioned coil excitation. The flux map for both transmon qubits is shown in Fig. 3 . The spectroscopy is performed using a saturation pulse with variable frequency, followed by a readout pulse at the cavity resonance frequency, for each value of the AWG output voltage. The maximum applied magnetic field is limited by the coil size and the maximum output voltage of the AWG. The measurement shows that the qubits are tunable as intended. The qubit resonance frequencies are extracted from the measurements and fitted. The flux map also demonstrates the local control Figure 3 . Detuning from the maximum transition frequency of both qubits as a function of the applied magnetic flux (data combined from two independent cool-downs): the plot shows that the qubit in the centre (red dots) is more tunable than the one on the side (green dots). A fit 15 to the data is plotted in solid red and green lines. From this fit we extracted the asymmetry of the SQUID loop and the maximal resonance frequency. A zoom of the avoided crossing is shown in the inset, with a splitting of 2g ≈ 10 MHz. The line intersecting the avoided crossing, is the 2 photon transition to the state where both qubits are excited.
capabilities of the hose, as one qubit is more affected by the injected magnetic flux than the other. From the fit we can extract that the hose is around 5 times more effective on the centre qubit, which agrees well with numerical simulations. This factor can be further improved by using an optimised smaller hose design with a funnel-shaped tip and placing the qubits closer to the hose (see Fig. 2 ).
The data points density has been increased in the avoided crossing region to measure the qubit-qubit interaction, which is ≈ 5 MHz. The weak interaction between the qubits is expected from finite element simulations due to the relative qubits distance and position inside the cavity 17 . In order to assess the fast flux capabilities of our system, we perform another experiment using the sequence shown in Fig. 4a . To excite the qubit we use a Gaussian amplitude modulated π-pulse, with a standard deviation of around 70 ns and a total length of 400 ns, generated by the AWG and up-mixed with an IQ-mixer. The π-pulse length is a trade off between time and frequency resolution for this particular experiment. Another AWG channel is again used to excite the coil, but with pulses added to an optional DC offset. During the measurements, the flux-pulse and the readout pulse have a fixed delay. The frequency and the delay of the π-pulse are changed linearly, to track the qubit resonance frequency during the flux pulse.
The first measurement (Fig. 4b ) is obtained using a square flux-pulse for the coil excitation (dashed line in Fig 4a) . In order to avoid ringing effects caused by the AWG, the square pulse's edges are smoothed by a ± sin( π 2 t τ ) rise or fall for 20 ns, where τ = 20 ns. The measurement result shows a smooth change of the qubit resonance frequency, with an exponential rise time on the order of 2 µs. The source of this rise time is still under investigation and is probably caused by eddy currents in the copper clamp holding the hose. A slightly modified clamp design can easily mitigate this effect and will be investigated in future experiments.
In a second set of measurements we speed up the system response through a simple pulse shape, adding an overshoot and an exponential decay (continuous line in Fig. 4b ) to the flux pulse. Obtaining the result shown in Fig. 4c , it is evident that now the change in the qubit resonance frequency occurs on time scales < 100 ns. The frequency of the qubit remains stable after around 300 ns without any ringing being evident. The maximum flux step is limited by the maximum available AWG voltage to create the overshoot. A further speed up could be achieved by a proper linear system de-convolution.
After checking the hose capabilities to apply a magnetic field, we estimate the effect of the hose on the system by measuring T 1 , T * 2 , qubit population and the internal quality factor of the cavity. The T 1 of our qubits is Purcell limited and varies from 15 µs at the sweet spot to 30 µs down at 4 GHz. The T * 2 varies from about 2.2 µs at the sweet spot, down to 600 ns far from it, with T 2E being eight times larger than T * 2 independent of flux bias. To investigate possible slow frequency noise introduced by the hose, we decided to perform experiments without the hose. For these measurements, we close the hole in the cavity wall and find comparable values for T * 2 and T 2E . We believe that the slow frequency noise in the experiments stems from the large SQUID loop and associated flux noise. It is even further aggravated by using the big capacitive shunt pads to close the SQUID loop at the top and bottom 18, 19 . The qubit population has been estimated using the method shown in 20 . The result obtained is 80 mK, comparable to the result obtained in the same reference and reference 21 . This result is very typical for our setup and compatible with other experiments done in our lab that do not use hoses.
In order to measure the internal quality factor Q int of the cavity with the hose, a reflection measurement using a microwave circulator is done. The measured Q int is about 25 · 10 3 , much less than the expected value in the range of 10 5 − 10 6 . Simulations show that this reduction in Q int is caused by the fundamental mode's surface currents being dissipated when they cross the gap between the cavity wall and the hose's outermost shell 22 . We experimentally verified this by sealing the gap with indium and measuring again Q int , reaching 2.75 · 10 5 . To completely circumvent any lossy seam by introducing the magnetic hose, we suggest to fabricate the outermost shell as part of the cavity when it is machined. This first magnetic hose design can be improved by a factor of 10 to transfer higher magnetic fields and to act more locally at the qubit's position 16 . Magnetic field transport is enhanced by increasing the layer density, shortening the total length, and elongating all superconducting shells. Addressing can be simply improved by reducing the radius or by forming a funnel-like structure similar to field concentrators 23, 24 . Moreover, it is worth to mention that an optimally designed coil increases the transferred magnetic field.
The maximal amount of magnetic field being transferred through the hose is limited by the used ferromagnetic and superconducting materials. In our setup, fields on the order of < 10 −6 T are sufficient to control the qubits and, thus, materials can be assumed to deviate very little from their ideal linear behaviour. The transfer of much higher fields would induce nonlinear responses of the materials, which one would need to analyze carefully. On one hand, the superconducting shells are not expected to significantly limit the hose performance, since radial components of magnetic field (the ones that the superconductor shields) are much smaller than axial components. Furthermore, high-Tc superconductors like YBCO are able to shield magnetic fields of >1 T completely 25 . Ferromagnetic shells, on the other hand, are expected to be the main limiting factor for high-fields transfer. Numerical calculations indicate, though, that fields on the order of hundreds of mT can be transported through hoses made of highfield-saturation ferromagnetic materials like soft irons or electrical steels 26 .
The experimental work presented in this paper shows the potential of using a magnetic hose to control various quantum systems. The hose is most applicable in scenario's where a local applied magnetic field is required, combined with the ability to generate the magnetic field at a distant location and route it to the quantum systems of interest. Most obviously, it would be ideally suited to individually control qubits in superconducting circuits architectures like 27-29 without compromising coherence times. Moreover, due to the ability to apply time varying signals, one could also use the hose to drive parametric amplifiers 6, 30 or tunable couplers 4 . The magnetic hose could also be an ideal candidate to introduce time varying magnetic fields in a hybrid architecture e.g. Rydberg atoms coupled to superconducting microwave cavities 31 . The hose might also be applicable to control the magnetic field in gate defined double quantum dots 32, 33 or even hybrid scenarios where the quantum dot is coupled to a transmon qubit 34 . It could also allow new designs of NMR sensors based on NV centers 36, 37 or even enable magnetic coupling between NV centers 35 .
In summary we have shown that a magnetic hose can be used to change the magnetic flux inside an aluminum waveguide cavity in less than 100 ns. The magnetic hose is constructed such that it does no compromise the energy relaxation time of the qubit on the several 10 µs timescale. Furthermore, the hose can be used to localise the magnetic field and address predominantly one of the qubits inside the cavity. Future improvements to the hose design promise to increase the field transport by a factor of 10 and localize the field to an even smaller volume. As such, the hose is ideally suited to implement fast flux bias lines in 3D 29 and waveguide 27 circuit QED architectures.
We gratefully acknowledge fruitful discussions with O. Romero-Isart and thank M.L. Juan and A. Sharafiev for feedback on the paper. and an anharmonicity of 295 MHz. We measured a tunability of more than 3 GHz and maximum frequencies of 6.6 GHz and 6.2 GHz respectively. Below 4 GHz the dispersive shift, the E J /E C ratio and anharmonicity are drastically reduced and it becomes difficult to probe the qubits.
The qubits are capacitively coupled to the first mode of the cavity, with a resonance frequency of 8.102 GHz. The coupling is such that the dispersive shift χ ≈ 5 MHz at the qubit's maximum transition frequency. The total quality factor of the cavity is limited by the output coupling, engineered to have κ ≈ χ at the maximum qubit frequency.
A cryostat input line with a total of 50 dB attenuation and DC -12 GHz filtering is used to couple to the cavity. A similar line, with only 20 dB of attenuation at the 4 K plate and DC -80 MHz filtering, is used for driving the coil of the magnetic hose. Additional filtering and better line thermalization is provided by custom-made 50 Ω absorptive coaxial filters.
To perform a readout, a square, finite-length microwave pulse at the cavity frequency is generated and sent to the system. The signal, transmitted through the cavity, undergoes additional filtering and passes through two isolators, it is then amplified by a HEMT at 4K and by a low noise classical amplifier at room temperature. After that, the signal is down-mixed and digitally recorded by an ADC. Qubit rotations are performed by Gaussian amplitude-modulated pulses generated by an Arbitray Waveform Generator (AWG) and up-converted from around 200 MHz to the qubit frequency. Another AWG channel is used to provide pulsed and DC voltage to the coil, allowing us to reshape the pulses used for the experiment, like described in the main paper.
II. ENHANCING THE MAGNETIC FIELD TRANSPORT
The magnetic hose presented in the main paper proofs the ability of guiding a magnetic field from the outside to the inside of a superconducting cavity. This first design, however, can be improved to enhance the field transport and to address the magnetic field more locally.
First, the field transport will be enhanced by shortening the total length, increasing the layer density, and elongating all superconducting shells of the magnetic hose on the output side. The length of the inner core can be decreased to minimise the amount of magnetic field leaking and turning back at the cut before entering Figure S1 . Simulated magnetic field intensity in x-direction along the y-axis at a distance of 1 mm from the hose for three different hose and coil designs attached to a closed superconducting cavity. The blue line represents the hose used in the paper. The green line considers a hose with higher layer density and elongated shells in combination with a big coil which outer diameter matches the outermost superconducting shell inner diameter. Finally, in red, the maximum improvement is achieved by optimizing both the hose and the coil that magnetizes the ferromagnetic layers in the optimal way. the cavity. According to Ref.
S2 a higher density of ferromagnetic and superconducting layers increases the magnetic field transport as the metamaterial approaches the ideal material resulting from their calculations. Large densities (layer thickness ≈ 100 nm) and small hose sizes (≈ 100 µm) could be reached with sputtering methods starting from a central ferromagnetic core. Besides the outermost superconducting shell, elongating all superconducting shells will push the magnetic field further into the cavity, since the magnetic field is forced to pass the shells before being routed back. Obviously, elongating the ferromagnetic shells will also enhance the field transport. However, we prefer to have a decent distance between our qubits and the ferromagnet to avoid additional losses for the qubit.
Second, the field distribution at the output side is controlled by the shape of the magnetic hose. By simply reducing the radius of the magnetic hose, the transferred magnetic field is addressed more locally. The addressability is further increased by forming a funnel shaped tip, similar to magnetic field concentrators S3 . In such a configuration one could transfer and concentrate the field from a large magnetic source at the input side to a tiny spot at the output side of the hose.
Lastly, the design of the coil at the input side of the hose can be optimized to increase the magnetic field transport and to address the magnetic field more locally. It is essential to bring as many turns as possible very close to the metamaterial at the input side of the magnetic hose in order to maximize the magnetic flux injected to the inner ferromagnetic shells. As shown in the simulations, to get magnetic field into the cavity it is necessary that the outer ferromagnetic shells are magnetized in the opposite direction, guiding the magnetic field lines back to the coil. Since the magnetic field strength decreases over the distance, it is more favourable to attach a discoidal coil to the hose instead of a cylindrical coil. Furthermore one should reduce any material counteracting the generated magnetic field to a minimum in the vicinity of the coil. The combined design of the magnetic hose structure and the attached coil is essential for reaching the intended magnetic field distribution at the output side (Fig. S1 ).
III. SHIELDING PROPERTIES
Our experiment is surrounded by a copper and a cryoperm shield, providing the usual basic shielding as used in similar experiments S4 . The bulk aluminum cavity in the superconducting state shields its inside perfectly from external applied magnetic fields, due to the Meissner effect. Introducing a magnetic hose to the cavity opens a link not only for bias fields but also for any external magnetic fields. However, the elongated outermost superconducting shell at the input side provides sufficient shielding from unwanted external magnetic fields. In our experiment we do not see any shift of the flux map recorded on different days within the linewidth of the qubit. Thus, we state sufficient shielding from external magnetic fields and no magnetization of the ferromagnetic material. The coil inside the elongated outermost shell is the only contributor to any frequency shift of both qubits in our experiment. To remove any doubts, one could build a proper superconducting housing at the input side to ensure perfect isolation from external magnetic fields below the critical field of the shield.
In the microwave domain any material with high conductivity reflects microwaves.
Thus, microwave shielding is provided fairly easily for instance by a sheet of copper. Since the magnetic hose is a combination of two highly conductive materials, microwaves are expected to be reflected from it. However, one has to introduce a cut to the magnetic hose to guide fast magnetic flux pulses through it. This cut turns out to act as a rectangular waveguide, providing a channel for microwaves to pass through. Due to the height and width of 1.2 mm and 0.4 mm, respectively, the cut-off frequency is above 100 GHz and provides more than 20 dB/mm of attenuation for frequencies below 60 GHz. Similarly, the elongated outermost shell at the input side protects the embedded coil from microwave radiation that could induce a voltage drop leading to flux noise. The outermost shell has an inner diameter of 3 mm and acts as a circular waveguide with a cut-off above 50 GHz resulting in an attenuation larger than 10 dB/mm for frequencies below 20 GHz. 
IV. EFFECT ON CAVITY MODES
Introducing the magnetic hose into the cavity reduces its volume and hence shifts its fundamental mode to a higher frequency compared to a bare cavity of the same size. In addition, the electromagnetic field becomes distorted in the vicinity of the hose to match the condition of zero tangential electrical field along the outermost shell. For that reason the induced currents of a mode inside the cavity do not only flow on the cavity walls, they also have to flow on the outermost shell. The outermost shell effectively becomes part of the cavity and therefore has to be well connected to the cavity wall. Otherwise, currents crossing the gap between the cavity wall and the outermost shell dissipate and limit the internal quality factor of any cavity mode. In that sense one has to consider the orientation of the cut, pointing always in the direction of the electrical field component of the mode of interest. The hose itself acts as a λ/4-resonator inside the cavity and hence it introduces additional modes depending on its length only, independent of the cavity volume.
In the case of our setup, the first three modes of the bare cavity are at 8.17 GHz, 12.62 GHz. and 13.21 GHz according to finite element simulations. Adding the magnetic hose to the simulations has two effects on the modes inside the cavity. First, in comparison to the bare cavity, a new mode at 10.46 GHz appears. This Figure S3 . Coupling between transmon and cavity in a bare cavity (a) and a cavity with a hose (b). Coupling between two transmons in a bare cavity (c) and a cavity with a hose (d). Anharmonicity of a transmon in a bare cavity (e) and in a cavity with a hose (f ). The plots result from finite element simulations. The transmon is moved in half millimeter steps through one quarter of the cavity, where the origin is set at the centre of the cavity. The coupling between two transmons is evaluated by moving both side by side in half millimeter steps, keeping a constant distance of 2 mm between them. The fluctuations of the anharmonicity in (e) and (f ) stem from the finite numerical accuracy of the simulations.
mode is dominated by the dimensions of the magnetic hose. Second, the cavity-dominated modes are slightly shifted to 8.23 GHz, 12.63 GHz. and 13.20 GHz. The field distribution of selected modes are illustrated in Fig. S2 .
V. EFFECT ON TRANSMONS
The presence of the magnetic hose does not have any crucial influence on the parameters of the transmon. In the vicinity of ≈ 0.5 mm close to the edge of the outermost shell, the capacitive energy of the transmon decreases by ≈ 1 % maximally. Thus, its frequency and anharmonicity are affected by the same (negligible) amount. The coupling between the transmon and the cavity is maximally decreased from 113 MHz to 78 MHz, when the transmon is put 0.5 mm close centrally in front of the hose. This is caused by the local deformation of the electromagnetic field in the vicinity of the hose. One can compensate the decreased coupling to the cavity by increasing the total length of the transmon. The coupling between two transmons decreases only if both are closer than 1 mm to the hose in comparison to the bare cavity. Again, this is caused by the local distortion of the electromagnetic field of the transmons and can be compensated by decreasing the distance between them or increasing the pad size. The coupling between the hose mode and the qubit is essentially zero due to symmetry.
